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SUMMARY

The technical goal of this program is to develop a superior
substitute for the thermionic-cathode electron gun used for plasma
conditioning in high energy lasers. Specifically, the program is
directed toward developing a hollow cathode plasma electron source
to replace the thermionic source commonly used in these electron
guns. The general technical approach is outlined in Section I-B.

To fulfil! the technical goals of the program, a theoretical and
experimental development program is being carried out. A small-
scale prototype of the plasma cathode <lectron gun has been constructed
and tested with excellent results. A high-voltage, fuli-size module
is now under construction. Its design parameters are given in
Section V-B.

The results obtained to date have verified the general theory
of operation of the plasma cathode electron gun. They have established
the feasibility of a high voltage gun operating with beam pulse dura-
tions of 1 psec to 1 msec and beam current densities up to 50 A/cmz.
Detailed results are presented in Section III-B.

These results indicate that electron guns for high energy
e-beam lasers can be constructed which are simpler, more efficient,
and more rugged than the present guns. The new guns will simplify
the construction and operation of high energy lasers. Work is continu-
ing on expanding the beam dimensions of the plasma cathode e-gun.
The high-voltage module now under construction will produce a beam
1 em x 13 cm. Side-by-side stacking of the basic module will permit

the productiun of very large-area beams.

vii
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I. INTRODUCTION

A, Ob jectives

The overall objective of this program is to develop a high
voltage electron gun containing a plasma electron source and capable
of being used for eleciron beam plasma conditioning of electric dis-
charge lasers. This is a new type of device combining a modified
low pressure hollow cathode discharge with a control grid structure
to generate a well controlled high energy electron beam capable of
being scaled to very large areas.

The advantages of this type of device over conventional

thermionic cathodes are as follows:

Insensitivity to Contamination — Residual pressures two

orders of magnitude higher than those required for thermionic cathodes
can be tolerated by the plasma cathode. Thus fabrication and proces-
sing techniques can be relaxed and simplified, leading to savings of

time and expense.

Improved Ruggedness — The plasma gun structure can be

maintained at much lower temperature than that of thermionic cathodes.

No inherently delicate heater elements are required.

Suitable for Large Area — The plasma gun can readily be

scaled to large size without major difficulties (e.g., no unwieldy

heater power).

Instantaneous Startup — The plasma cathode does not require

heating-up time. The discharge in the plasma gun can be started

within microseconds prior to the initiation of a high energy beam.

Lower Power Consumption — The plasma cathode consumes

power only during the electron beam pulse, and even then the power
required for the hollow cathode discharge is only a small fraction of

the high energy beam power. Heater elements, which consume large



amounts of wasted power during standby periods and between pulses,

are not required.

Lower Cost — The eventual cost of the plasma cathode gun
should be lower than that of a comparable large area thermionic cathode
because of its inherent structural simplicity and potentially greater
reliability.

Several ''plasma cathodes' of various types are described in
the literature, and some have been used on lasers. 1 These employ
one of two types of discharges: the high-voltage glow discharge or
the low pressure incipient vacuum arc. The device described in this
report is unlike either -of these types and is expected to have the fol-

lowing advantages.

Better Foil Penetration for Plasma Conditioning — Better

foil penetration is accomplished because the electron beam from the
plasma cathode is more monoenergetic with mean energy close to

the applied acceleration voltage. The other devices, in which a plasma
sheath is produced in the region between the electrodes, produce a
much broader energy distribution with substantial amounts of electrons
at lower energy, resulting in poor foil penetration ability. There is

no plasma sheath in the beam acceleration region of the present

device.

Long-Pulse or CW Capability — The incipient-vacuum arc

devices, which have the best foil penetration characteristics, are
inherently limited to short pulse (~5 psec) operation. The device
described here has produced pulses as long as 1 msec, and there
appears to be no fundamental reason why it could not operate cw.
The overall objective of the program has been subdivided into
several technical goals associated with the demonstration of a small
scalable plasma cathode electron gun. The technical goals may be
described in terms of the operational parameters of the device to be

demonstrated. These parameters are as follows.
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Beam dimensions lecmx 10 cm

Voltage 2 150 kV
Current density 2 100 mA/cm2
Pulse lergth 2100 pusec

The technical approach and the program organization by which these

goals will be reached are the subject of Sections I-B and I-C.

B. Technical Approach

The basic concept of the plasma cathode electron gun for
laser plasma conditioning is illustrated schematically in Fig. 1.
A plasma source consisting of a low-pressure helium hollow cathode
discharge provides electrons that are accelerated to energies of
150 kV in a plasma-free region located between the hollow cathode
and the laser medium enclosure. The high energy electrons are
injected into the high pressure laser medium through a thin metallic
foil which separates the high and low pressure regions of the device.

To produce a high energy electron beam with a narrow energy
distribution in such a gas-filled device, the number of inelastic
collisions which electrons and ions make with gas molecules in the
region between the accelerating electrodes must be kept to a minimum.
Two reasons for this requirement are (1) every inelastic collision
experienced by a high energy electron reduces its energy and decreases
the mean energy of the beam, and (2) the secondary electrons produced
by ionizing collisions in the acceleration region also become part of
the electron beam. Since they were formed not at cathode potential
but at some intermediate potential existing in the acceleration region,
their energy on reaching the anode is much less than the cathode-
anode voltage. These electrons therefore seriously degrade the beam
energy characteristics. For the future application of the device
described here to laser plasma conditioning, it is important that such
beam energy degradation be eliminated because it seriously affects

the beam transmission through a foil window.
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The minimization of inelastic collisions in the present device
is achieved by operating at very low gas pressure and by separating
the cathode and anode by only a short distance. This distance is
determined primarily by the principles of vacuum breakdown. Previ-
ous experience has shown that properly prepared parallel-plate
electrodes will conservatively withstand applied fields of approximately
70 kV/cm without breakdown in vacuum. This result is not changed
if gas at very low pressures (pressures below the Paschen breakdown
limit, as explained below) is added to the interelectrode region.
Above 70 kV/cm ficld emission from microprojections on the cathode
surface and other mechanisms result in breakdown into an arc dis-
charge between the electrodes.

The lack of ionizing collisions, which are the most important
inelastic collisions, may he verified by the fact that in this device
there is no electrical discharge in the accelerating region. If sub-
stantial ionization were occurring in this region, avalanche breakdown
would result as the secondary electrons and ions were accelerated and
produced stillmore ion-electron pairs.

Breakdown (and inelastic collisions) are avoided by operating
to the left of the Paschen breakdown curve. Paschen breakdewn data
for helium obtained earlier at HRL are shown in Fig. 2. The curve
shows the applied voltage at which electrical discharge breakdown
will occur in helium for specified experimental conditions. It can be
shown that this voltage is only a function of the product p x d, where
p is the helium pressure expressed at standard temperature and d is
the spacing between parallel-plate electrodes. In the case of nonparzl-
lel electrodes d may be considered approximately as the distance
between any two points on the electrodes, so that a given set of
nonparallel electrodes is characterized by a range of values of d
bounded by the minimum and maximum values of electrode separation.
Consideration of the curve of Fig. 2 to the left of the minimum, which

is the region of interest for this device, shows that as the applied
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voltage is increased for a given electrod¢ configuration and pressure,
the eventual breakdown voltage is determined by the point of maximum
separation of the electrodes.

The Paschen breakdown voltage decreases as electrode spacing
is increased. This is the opposite behavior from vacuum breakdo vn,
in which the breakdown voltage decreases as the electrode separation
decreases. The allowable electrode separation for a given operatirg
voltage and pressure therefore has a lower limit, determined by
vacuum breakdown, and an upper limit, determined by Paschen break-
down. If the electrode spacing is nonuniform, both the most closely
and most widely separated points must lie within the bounds set by
the two types of breakdown. This behavior is illustrated in Fig. 3
where the vacuum breakdown and Paschen breakdown voltages are
shown as a function of electrode separation at an operating pressure
of 50 mTorr of helium. All the plasma cathode devices investigated
in this program are designed to operate without either type of break-
down in the beam acceleration region.

Of course. at the same time, it i8 necessary to produce a
plasma in the plasma generation section of the gun as the source of
the beam electrons. Since the constraints of vacuum breakdown and
Paschen breakdown require operation of the device at low pressures
if high beam voltages are to be attained, a special type of discharge
is necessary in the plasma generation section. This discharge must
ignite quickly and reliably, operate stably, and produce sufficient
plasma density to furnish electrons for the beam, all at rather low
gas pressures. Two types of discharge that fulfill these requirements
are the crossed-field discharge and the hollow cathode discharge.
Both these types have been investigated experimentally as part of
the current program. The theory of these discharge types and the
experimental results obtained are described in Section II. The
theoretical and experimental details of the interface region between
the plasma generation and beam acceleration sactions, called the

electron extraction section, are presented in Sectiou III.

|
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C. Program Organization

To accomplish the technical objectives of this contract, the
program has been divided into four principal tasks: Discharge Studies,
Low-Voltage Electron Extraction, Paschen Breakdown Experiments
in the Presence of an Electron Beam, and High Voltage Rectangular

Gun including Beam Diagnostics.

Task 1: Discharge Studies

The goal of this task is to develop a discharge
configuration that will produce the plasma density required for extract-
ing a 150 kV electron beam with =100 mA/cmz. The discharge
device must be capable of operating at very low pressures in order to
avoid Paschen breakdown problems in the beam acceleration region
as explained previously. As part of this task, crossed-field, hollow
cathode, and hybrid configurations were investigated experimentally.
These experiments, together with experiments on plasma ignition
methods, were done in a small scale cylindrical device of diameter
3.6 cm and length 5 cm. The configuration which performed best for
the intended use was then buiit in a full size rectangular version for

the high voltage gun of Task 4.

Task 2: Low-Voltage Electron Extraction

This task was directed toward developing and testing
an electron extractor. The extractor is located between the plasma
generation section of the gun and the beam acceleration region (see
Fig. 4). The extractor extracts electrons from the plasma in a
beam and passes them to the accelerator section. It also shields the
plasma section and accelerator section from each other, allowing
breakdown in the former, but not the latter, and preventing the high
electric field of the accelerator from perturbing the plasma region.
The initial experiments were performed with = small, low-voltage
extractor and accelerator built to operate with the small-scale device
of Task 1. From the results of the experiments the extractor for the

full-size device of Task 4 was designed and built.
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Task 3: Paschen Breakdown in the Presence of an Electro_n
Beam

Gas breakdown properties in helium at low pressures
have been measured by many investigators. i There is, however,
considerable disagreement among the published results. In addition,
the effect c.’ a high-energy electron beam on the breakdown properties
has not been investigated previously. For these reasons, an experi-
mental device was designed and built which measures the breakdown
voltage both with and without the electron beam. The electrode con-
figuration employed in the device resembled the high voltage device
of Task 4, but the electron beam was of smaller area and was provided
by a thermionic cathode. The device and experimental results are

described in Section IV.

Task 4: High Voltage Device and Beam Diagnostics

The design, fabrication. and testing of a high voltage
rectangular (1 ecm x 13 cm) plasma cathode electron gun constitute the
effort of this task. The design of the device i3 described in Section V.
No experimental work has been performed yet on this task during this
reporting period. The experimental results, operating characteris-
tics, and beam parameters of the device will be described in the final

Technical Report.

11




II. LOW PRESSURE DISCHARGE CONFIGURATIONS

A. General

1. Types of Discharges Investigated

The initial experimental effort in this program was
directed toward finding a suitable discharge plasma source for the
plasma cathode e-gun. The requirements for the plasma source include
reliable ignition operation at moderate voltage, and the ability to pro-
duce reasonably dense plasmas at very low gas pressure. The require-
ment for low gas pressure arises from the need to avoid Paschen
breakdown in the high voltage section of the gun.

Among the types of discharge which were believed likely to ful-
fill the necessary requirements were the crossed-field and the hollow
cathode discharges. The present studies were begun with a crcssed-
field discharge as the plasma source for the plasma cathode e-gun in
order'to compare with earlier experience at HRL with this discharge
type. This type of discharge ignites eatily and will produce large
plasma densities at very low gas pressure. A cylindrical configuration
with radial electric ficld and longitudinal magnetic field was employ.d,
as shown in Fig. 5. The results of this investigation were similar to
those obtained earlier by other investigators at HRL.

Because of the way in which the anode intrudes into the cathode
structure of the crossed-field discharge, extraction of electrons from
the discharge plnsma would be geometrically difficult. For this reason
a modified version of the familiar hollow cathode discharge was next
investigated. The intruding anode of the previous crossed-field device
was replaced with a button anode of the same diameter which effectively
formed one end of the cylindrical structure. The cathode was placed as
before in a longitudinal magnetic field. After ignition the characteris-
tics of this type of hybrid dis:harge should be similar to the crossed-
field discharge tested first, at least at high cathode current density,

because the electric and magnetic field configuration will be similar.

13
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A sheath will be formed parallel to the cathode surface with thickness
much less than the cathode diameter. Much of the discharge voltage
will arpear across the sheath, so the electric field will be perpendicular
to the cathode (and to the magnetic field) as before.

The ignition characteristics of this type of discharge were not
known previously. They proved to be inconvenieat for the p.esent appli-
cation, since rather large ignition voltages were required. In addition,
the magnetic field requirement necessitated a bulky solenoid. In the
interest of simplification a third discharge configuration will be tested.
It may have all the necessary characteristics and require no magnetic
field. It consists of the hollow cathode cylinder with a very thin
(0.010 in. ) on-axis wire anode, as shown in Fig. 6. A detailed discus-
sion of results obtained with this configuration will be presented in the

Final Technical Report.

2. Experimental Device

The experimental device with which the previously men-
tioned studies :ere conducted was designed a> a versatile test vehicle
which could Le easily modified to produce different discharge configura-
tions. After additional modifications the device was used for prelimi-
nary electron extraction experiments. An external view of the experi-
mental tube is shown in Fig. 7. Although the external appearance of the
tube changed very little, major changes were made to the interior anode
structures to provide the various types of discharges investigated. The
common cathode used in all these experiments is shown in Fig. 8 with
the crossed-field unode. When the long anode was used the electric field
was radial and the device produced a crossed-field discharge. When a
short button anode was used the device operated as a hollow cathode dis-
charge tube.

The avoidance of spurious discharges hetween the electicodes in
regions other than the desired discharge region must be given careful
attention in low pressure discharge devices of this type. The mecha-
nisms causing such discharges (vacuum breakdown and Paschen break-

down) are well understood and their effect must be included quantitatively

15
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Fig. 7. Low voltage plasma cathode E-gun device.
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Fig. 8.

Cathode and crossed-field tube anode.
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in the design. Because the problems encruntered in the design of the
electrode feedthroughs of the present tue are characteristic of those
encountered in low-pressure discharge devices in general, including the
final plasma cathode electron gun, the des.gn of these feedthroughs,
which is shown in Fig. 9, will be briefly described here.

At these low gas pressures (<50 mTorr) of helium), the mean
free path for ionization by electron impact is long compared with the
characteristic dimensions of the discharge tube, Therefore, the usual
type of gas discharge breakdown (Paschen breakdown), which develops
as an avalanche process of electron impact ionizations in an applied
electric field, occurs between the most widely separated electrode sur-
faces, rather than between the most closely spaced surfaces.

At very high applied electric fields, however, vacuum break-
down7 occurs between the most closely spaced surfaces and results in a
discharge. Its occurrence is practically independent of gas pressure,
at least at low pressures. It is strictly dependent on the electric field
at the electrode surfaces. To prevent this type of breakdown, all elec-
trode surfaces must be polished carefully t> remove sharp edges,
points, and prntrusions. Adequate clearance between the electrode
surfaces must be allowed at all pla:es inside the tube.

Therefore, the discharge tube design must take account of the
vacuum breakdown process occurring between the most closely-spaced
areas of the electrodes and Paschen breakdown process occurring
between the most widely separated areas.

To apply these conceptt to the present tube it is necessary to
choose an operating pressure and an operating voltage for the design,
as well as to determine the Paschen breakdown parameter, whichis a
product of (gas pressure) x (electrode spacing). A conservative value
for the Paschen breakdown parameter in helium under the conditions
for which this tube was designed is 0.2 cm-Torr. The drawing of the
nlectrode feedthrough structure in Fig. 9 shows that the minimum sepa-
ration between the anode and cathode connections in the feedthrough

regions (at A, for example) is 0.3 cm. The maximum separation (at B)

19
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is 1.0 cm., All sharp edges have been rounded and all the metal party
have been electropolished and acid-treated to remove any sharp surface
irregularities. With these dimensions and the dats of Fig. 2, it is clear
that no Paschen breakdown will occur inthe feedthrough region provided
the helium pressure is maintained below 200 mTorr, for at this pres-
sure p x d the produce of (gas pressure) x (eiectrode spacing), reaches
the Paschen breakdown value of 0.2 cm-Torr in the region where the
electrode separation is 1.0 cm. In addition, vacuum breakdown will
occur in the feedthrough region when the applied voltage exceeds about
23 kV. At this time, the applied field will be 70 kV/cm in those regions
where the electrode spacing is 0.3 cm. The value of 70 kV/cm is
achievable in technical applications with reasonable care in surface
preparation of the electrodes.

The fact that the field at the surface of the anode feedthrough
cylinder is somewhat higher than 70 kV/cm under these conditions
because of the cylindrical geometry is not important; since vacuum
breakdown is apparently initiated by field emission from the negative
electrode surface for gaps of this size and stainless steel electrodes,
it is the field at the cathode surface that is most important.

In summary, the well-known principles of vacuum and Paschen
breakdown are very important inthe design of structures like that of
Fig. 9 and will be used many times in this program. For this feed-
through structure, these principles predict the maximum operating
pressure, 200 mTorr, and the maximum operating voltage, 23 kV.

E. Crossed-Field Discha:;gg
1. Theorz

The basic mechanism of the crossed field discharge is
simple. The electrode and field configurations are as shown in Fig. 5
in the present experiments. The spacing between electrodes is smaller
than the mean free path for ionization. In the absence of the magnetic

field there can be no breakdown because the usual 2valanche ionization
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process by which the glow discharge develups cannot occur. The
addition of the magnetic field, however, causes the electrons to move
in cycloidal paths, increasing the effective path length so that ionizing
collisions occur and the ionization avalanche breakdown takes place.
The magnetic field affects the trajectories of the ions very little because
of their much larger mass. After each inelastic collision the kinetic
energy of the electron is greatly decreased and it begins to trace a new
cycloidal path which is again interrupted by collisions. The resulting
electron trajectoryis shown schematically in Fig. 10. If the applied
voltage is too high or the magnetic field is too small the cycloidal path
of the electrons intercepts the anode and the device no longer operates
as a crossed-field unit, so the discharge will not ignite. The upper

voltage limit VB is given by

B in gauss
2 2
V., < B_xd dincm
B 11. 36
VB in volts

Previous experiments with this type of discharge6 have shown
that the ion energy distribution at the cathode ia monoenergetic with its
peak approximately equal to the discharge voltage. This fact suggests
that the potential in the main body of the plasma, where the ions are
formed, is close to the anode potential. The cathode fall is thus approx-
imately equal to the discharge voltage. The thickness of the cathode
sheath may be calculated as follows. The discharge current is com-
posed of ions arriving at the cathode plus electrons leaving the cathode.
The ratio of electron current to ion current is y, the secondary emission
coefficient for the particular ion, ion energy, and cathode material.

For the present case y = 0.15. Theioncurrent J'+ may be related to the
sheath thickness 28 and the voltage drop across the sheath Vs by the

Child- Langmuir space-charge equation ’
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—_—— (1)

where e and M are the ion charge and mass and % is the permittivity of

free space. In addition,

T I, 4T =314y (2)

Combining eqs. (1) and (2) and solving for 18 yields

. 1/2
/2 4¢
- 1 + y)[2e 0+,3/2
ls - [ J (M) 9 vs ] (3)

Typical parameters are

Discharge current = 1A
Cathode area = 55 <:m2
‘. Cathode current density = J = 18 mA/cm2
= 0,15
v = 300V

The calculated value of the cheath thickness for these operating condi-
tions is approximately 0.1 cm. The resulting potential distribution in
the tube is shown qualitatively in Fig, 11.

These results may be used to predict theoretically the discharge
operating voltage as follows. The cathode current is determined by ion
diffusion out of the main plasma volume. The ions are accelerated
across the cathode sheath and strike the cathode, yielding secondary
electrons which are accelerated across the sheath in the opposite direc-
tion, back into the main plasma volume. Here they produce ions by col-

liding with neutrals, but since the potential inthe volume is almost
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uniform (Fig. 11) they gain no additional energy. Each ion diffusing out
of the plasma and striking the cathode produces y electrons, where vy is
the secondary emission yield and is typically 0. 15 for helium ions and
stainless steel cathodes. Conservation of the total ion density then
requires that each electron accelerated through the sheath must produce

y-l ions. The sheath potential (cathode fall) Vc must then be at least

V. 2y x V

where Vi is the ionization potential of helium, 24.6 V. Thus VC 2
(24.6/0.15) = 164 V. The discharge voltage may be larger than this
value as a result of other inelastic collision and loss processes in the
device. The experimentally observed value of the discharge voltage was
approximately 300 V, with little dependence on current (as expected).

The minimum operating pressure of the crossed-field discharge
is rather difficult to predict quantitatively. To obtain the type of dis-
charge represented by the potential of Fig. 11, the ions must cross the
electrode gap more slowly than the electrons. If the electrons cross
the discharge more slowly, most of the voltage drop would appear at
the anode.

Decreasing the pressure decreases the transit time across the
discharge for the ions because it decreases the number of ion-neutral
collisions and allows the ions to move more directly along the electric
field lines, which represent the shortest distance from cathode to anode.
Because of their iarge mass the ions are affected very little by the mag-
netic field.

Decreasing the pressure increases the electron transit time
across the discharge, however, because it decreases the number of
collisions and forces the electrons to move in longer trajectories. This
effect is illustrated in Fig. 10. The electron orbit caused by the
crossed electric and magnetic fields is smaller in diameter than the

electrode spacing. Therefore, in the absence of collisions the electrons
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would not cross the discharge at all. Only the effect of collisions in
interr\ipting the circular orbits allows the electrons to cross the dis-
charge. The higher the pressure, the more collisions, and the shorter
the electron :ransit time becomes.

The critical pressure Pc can be calculated by setting the ion and
electron transit times equal. Tc calculate the transit times requires
knowledge of the electric field in the main discharge region, however,
as well as accurate values for electron and ion mean energies. Since
these quantities are unknown in the present experiments, no estimation
of Pc is possible without considerable additional experimental effort.

A much siinpler approach is to use the theory just described to predict
the qualitative effect of various parameters on Pc and to obtain the

actual value of Pc by direct measurement.

2. Experimental Results

The motivation for studying experimentally this type of
discharge was merely to obtain a standard for comparison with the hol-
low cathode discharge. It was believed that the two discharges should
exhibit similar characteristics in the steady state, because, as
explained in Section 1I-A, the presence of the cathode sheath and
resulting cathode fall in the hollow cathode discharge constrains the
effective electric field to be radial, at least after the plasma ignites
and the sheath forms. Since the magnetic field is longitudinal, and
perpendicular, the discharge becomes a '"crossed-field hollow cathode
discharge. "

The data obtained for the true crossed-field discharge consisted
of voltage-current characteristics of the discharge for different values
of helium pressure and magnetic field. The theoretical expectation, as
discussed earlier, combined with the experimental results of earlier
workers, indicated that the discharge voltage should be nearly indepen-
dent of current over a wide range of current for cor.stant pressure and
magnetic field. In addition, it was expected that the discharge voltage
should fall with increasing gas pressure at constan* current and mag-
netic field and that the voltage should be roughly independent of magnetic

27

e .



field above a certain critical value of the magnetic field. The critical
value of magnetic field was expected to be inversely related to the oper-
ating pressure.

All of the theoretical expectations were fulfilled by the _xperi-
mental data cbtained. To obtain the data the tube was pulsed with a
Velonex pulser while the current was read from the voltage drop across
a calibrated resistor and the voltage was rneasured with a high voltage
probe. Both quantities were displayed on an oscilloscope. The pulse
length in all the measurements was 200 psec, and the repetition fre-
quency was less than 1T Hz. Helium pressure was measured using a
calibrated Hastings-Raydist thermocouple gauge with a correction chart
for helium supplied by the manufacturer.

Some of the data obtained is shown in Figs. 12 through 16. Each
figure shows the behavior of discharge voltage with discharge current,
with magnetic field as a parameter, for a different operating pressure.
The curves display clearly the independence of voltage fromn current
and magnetic field. The discharge voltage decreases slightly with
increasing gas pressure when the discharge current and magnetic field
are held constant, as shown in Fig. 17. The critical minimum operating
magnetic field decreases with increasing pressure, .

This crossed-field discharge ignited at an applied voltage which
was almost independent of magnetic field, provided that the field was
strong enough to permit crossed-field operation, The ignition voltage
was only slightly higher than the operating voltage. These features
agree well with detailed observations by others.

These results verified that the experimental design was sound
and that the necessary auxiliary equipment operated as intended. The
results also provided a data base for the investigation of the hollow cath-
ode discharge. The conversion of the experimental tube to a hollow
cathode type was carried out as described previously merely by replac-

ing the protruding anode with a flat one (Fig. 8).
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Fig. 13. Crossed-field tube voltage-current characteristics,
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gas pressure with B = 240 g and I = 0.6 A.
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C. Hollow Cathode Di schaI}g

1. Theorx

The hollow cathode discharge configuration considered is
that illustrated in Fig. 18. The major purpose of this theory is to
determine if the minimum pressure at whicl. such a hollow cathode dis-
charge can be sustained in the desired mode without a magnetic field is
as low as required by the Paschen breakdown constraints of the present
device. Elimination of the magnetic field would simplify the device and
make adaptation to rectangular geometry much simpler.

The principal predictions of the theory presented here are the
approximate minimum operating pressure of the hollow cathode dis-
charge and the approximate discharge voltage. As in the crossed-field
discharge, in this type of discharge at these pressures the plasma
potential is close to the anode potential. Most of the discharge voltage
appears across the cathod: sheath, which is of the ''free fall"
(collisionless) type. Ions from the plasma are accelerated through
the cathode sheath to the cathode surface, which they strike, producing
secondary electrons, which are themselves accelerated through the
sheath in the reverse direction, back into the plasma. For each ion
incident on the cathode surface Y secondary electrons are produced.

Y is called the secondary emission coefficient and is a function of the
type of ion, the ion energy, aud the type of cathode surface. For the
present conditions, we estirnatey = 0.15.

The approximate discharge voltage may be calculated using the
same method used in the crossed-field discharge. In steady-state the
number of ions leaving tue plasma"‘ must equal the number gener:ted in
the plasma. The principal ion generation mechanism in the plasma is
electron impact ionization of neutral gas molecules. Since each ion pro-
duces y electrons at the cathode surface, each electron must produce
N = 1/y ions in the plasma after acceleration through the sheath.
Therefore, the electron energy after acceleration through the sheath,
eVs, must be at least NEi’ where Ei is the ionization energy of helium,

i.e.,
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The discharge voltage VD is approximately equal to Vs, the potential

difference across the cathode sheath.

Therefore,

VD- > 6.7 x 24.6 = 164 volts

This approximate result is independent of pressure, current, and elec-
trode structure of the discharge. The observed range of all discharge
voltages in the present experiments exceeded this predicted minimum
value. The observed minimum discharge voltage was about twice as
large as the predicted minimum voltage, which is a reasonable agree-
ment considering the approximate nature of the theory.

If the electrode configuration of the discharge is specified, the
minimum operating gas pressure can be theoretically predicted. Let
the cathode area be Ai and the anode ~:.a ‘\a' As shown above in the
prediction of minimum discharge vuitage, each electron leaving the
cathode must produce N ions, where N = 1/y. Therefore the total path
length £ of the electron in the plasma from the time it is emitted at the

cathode untii it reaches the anode must satisfy the inequality

12 NTi (4)
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where Ii is a suitably averaged value of the mean free path for electron
impact ionization. The mean free path ki must be averaged because it

is a function of the incident electron energy. It may be expressed as

2.8 x 10717

po, (E)

xi(E) cm (5)

where p is the gas pressure in Torr at 0°C and ai(E) is the ionization
cross section as a function of electron energy. Combining eqs. (4) and

(5) yields

1> N x2.8x10 7 em (6)
Po,

To determine ! it is assumed that an electron emitted from the
cathode surface traverses the plasma and is reflected by the sheath of
the opposite wall. It is additionally assumed that the direction of elec-
tron motion is randomized before the electron reaches the anode. After
each collision with the sheath the probability the* the electron will be
captured at the anode before making another collision with the cathode
is then approximately AA/AC, the ratio of anode-to-cathode area.
Therefore, on the average, an electron will make C collisions with the

cathode sheath before hitting the anode, where

C = AC/AA

The average distance L traveled by ar electron between colli-
sions with the cathode sheath may be calculated from the electrode
geometry. The total distance £ traveled by the electron before escaping

to the anode is

£ = CL = —— (7)
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Combining eqs. (6) and (7) and inverting,

P%; , fa
N x 2.8 x 10-17 A

=17
AAxNxZ.Sx 10

p 2 A x LxT, Torr (8)

which gives the minimum pressure Prmin for operation of the hollow
cathode discharge.

For the cylindrical device used in these experiments p can

min
be calculated from eq. (8) as follows. For a right circular cylinder of
approximately equal diameter D and height H, the distance L. may be

approximated by

- [ w]”

In the present case D = 3,6 cm, H = 5.0 cm, therefore L = 3.4 cm.

In addition,

aD? 2
AC = mDH + 2 =] - AA = 96.4 cm
A, - w(.5)% = 0.785 cm®

Each electron produces N ions; therefore, the effective cross section 'Ei
is the average of the values at electron energy NEi' (N - l)Ei,
(N - Z)Ei, etc. Therefore

T 3.1 x 10°" " em

i
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From eq. (8)
p 2 15 mTorr

The smallest observed value for operation of the discharge in
these experiments was 50 mTorr. It is possible, however, tnat the
experimentally observed minimum pressure was limited by the ability
to ignite the discharge at low pressures, rather than by the ability to
sustain it. This question may be answered by the discharge ignition
experiments to be performed during the next reporting period. Possible
additional sources of discrepancy between the theory and experiment
arige from the many simplifying assumptions of the theory and from the
approximate nature of the physical parameters of eq. (8). However, it
is important and encouraging to observe that the minimum pressure
predicted for the hollow cathode discharge without magnetic field is low

enough to be useful for this application, |

2. Experimental Results

The first data were obtained in a magnetic field (the
crossed-field hollow cathode discharge). Some of these results ure
shown in Fig. 19. As with the true crossed-field data described pre-
viously, the data of Fig. 19 were obtained in pulsed operation with
pulsewidth of 200 psec and repetiticu frequency 10 Hz. Two important
features of operation with the retracted anode were at once apparent:

1. Comparison with similar data of Figs. 12 and 13
for the crossed-field discharge indicated that the

discharge voltage is somewhat higher for a given
pressure and discharge current.

2, The plasma was much more difficult to ignite with
the retracted anode. Ignition could not be obtained
with voltages to 20 kV at helium pressures below
70 mTorr and magnetic fields up to 200 gauss. At
70 mTorr and a field of 240 G the voltage required
to ignite the discharge was 6.5 kV.
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Experiments were then made with a dc voltage applied to the
anode. These experiments confirmed that the discharge was difficult
to ignite with this electrode configuration, particularly at the low pres-
sures (50 mTorr) at which the plasma source would have to operate in
the final electron gun The reason for the difference in ignition charac-
teristics between the extended anode (true crossed-field) case and the
retracted anode (crossed-field hollow cathode) case is that in the latter
case before ignition the electric field configuration is not at all perpen-
dicular to the magnetic field. After discharge ignition and the formation
of the cathode sheath the electric field becomes more nearly perpendic-
ular to the magnetic field and the behavior becomes qualitatively similar
to the true crossed-field discharge.

To facilitate ignition at lower gas pressures a larger colenoid
capable of magnetic fields to 4 kG was installed on the tube. Low pres-
sure ignition was indeed improved at these high magnetic fields, but
the discharge was observed to go into intermittent high-frequency oscil-
latinns for certain ranges cf the current, pressure, and magnetic field
parameters. Furthermore, on the bzsis of the theory outlined in Sec-
tion 11-B-1, it was expected that after ignition in the crossed-field mode,
the hollow cathode discharge couldoperate without magnetic field.

Hence, experiments were conducted in which the magnetic field could
be removed after ignition. It was fcund in these experiments, as
expected, that the discharge does indeed continue to operate after
removal of the magnetic field, as long as the necessary voltage remains
applied. Direct current operation in this fashion was necessarily
restricted to low discharge currents because of possible discharge
heating of the anode under d¢ cw conditions.

The next experimental step, which was suggested by the previous
results, was to pulse the magnetic field and the applied voltage simul-
taneously, but with the voltage pulse iasting much longer than the mag-
netic field pulse. The function of the magnetic field in this case was
only to facilitate ignition. The plasma was then studied in the interval

following the decay of the magnetic field. A suitable low inductance
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solenoid was obtained and a high current thyratron pulser assembled. It
was observed that the eddy currents induced in the stainless steel cath-
ode by the rapidly changing external magnetic field provided an effective
diamagnetic shield of the plasma region for magnetic field pulses
shorter than a few psec. Measurements of the internal field were made
with a magnetic probe and the length of the solenoid current pulse was
adjusted to overcome the diamagnetic shielding.

Successful ignition at the desired operating pressure was achieved
in this way, but the necessary ignition voltage was higher than in the dc
case, approaching 20 to 30 kV at times. The operating voltage was less
than 1 kV and was provided through a very large series dropping resis-
tor. The explanation for this high ignition voltage requirement appar-
ently concerns statistical time delay in ignition. The statistical time
delay is the period between application of the discharge voltage and the
appearance of an electron in the electrode gap to initiate the avalanche
breakdown process. If no additional source of electrons is provided,
breakdown is dependent upon initial ionization by cosmic rays. In this
case the statistical time delay is about one second. The statistical time
delay can always be reduced as much as desired by providing an addi-
tional electron source (a field emission point or a radivactive isotope,
for example). In the dc case the time delay was unimportant since the
voltage and magnetic field were applied for several seconds. In the
pulsed case, however, it was necessary to reduce the statistical time
delay to less than the period of the magnetic field pt.xlse (~15 pusec). The
very high ignition voltage apparently accomplished this reduction by
supplying additional electrons through field emission from irregularities
in the cathode surface at points where the cathode-anode separation was
small.

In summary, the ignition characteristics of the hollow cathode
discharge at low pressure (50 mTorr) are acceptable but not very desir-
able for the plasma cathode electrode gun. Once the discharge is ignited,
however, it appears to be a very good plasma electron source for the
present application. Work on improving the plasma ignition properties

of this type of discharge is continuing. At the present time an experiment
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is being assembled to test a new method of ignition based upon a very
thin wire ignition anode and requiring no magnetic field. Results will

be reported in the Final Technical Report.
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I1I1. ELECTRON EXTRACTION

A. Theoretical Guidelines

The theoretical guidelines by which the electron extraction
system operates can best be understood by reference to Fig. 20. The
electron extractor consists of an electrically isolated mesh covering
an aperture in the base of the hollow cathode structure. To explain
the principle involved in the extractor design, the mesh is shown
as two parallel wires of diameter d with center-to-center spacing h.
The mesh consists of hundreds of such pairs intersected at right
angles by additional pairs.

The wires as shown in Fig. 20 are biased negatively with
respect to the plasma potential (which is defined to be V = 0). A
sheath of thickness t is therefore formad at the toundary between each
wire and the plasma, as shown in the figure. Since at these low gas
pressures the plasma ions do not make any collisions in the sheath,

the sheath thickness t obeys the following relationship

tZ oc Vs3/2 (9)

where V_ is the voltage drop across the sheath. As shown in the
figure, there 1:11ust be an equipotential at V = 0 crossing the space
between the wires, and this line forms the boundary between the
plasma and the beam. The plasma potential is determined by the
discharge anode potential in this type of discharge. If the plasma
starts to ""leak through' between the wires of Fig. 20 to the accelera-
tion anode, then the plasma potential will start to rise to a value near
the acceleration potential. As this happens the value V_ of eq. (9
rises, causing an increase in the sheath thickness. This decreases
the size of the aperture through which plasma leakage can occur.
Eventually the sheath expands to seal the aperture completely.
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In later experiments this mesh was actually used as the anode
for the hollow cathode discharge. The theoretical interpretation
remains the ~ame as shown in Fig. 2] under these conditions, the mesh
potential being negative with respect to the plasma potential by an
amount equal to the anode fall in the discharge. When operating in

this mode the auxiliary anode was used only to ignite the discharge.

B. Experimental Results

Initial electron extraction data were obtainzd with the hollow
cathode discharge source previously explained and the electron extractor
system just described. A drawing of the extractor section is shown in
Fig. 21. Three modifications were made to the cylindrical holiow
cathode can to perform the electron extraction tests. First, a hole
1 em in diameter was made in the bottom of the cylindrical can.
Sacond, the hole was covered with a stainless steel mesh having wire
diameter 0.125 mm and center-to-center spacing 0.5 mm. The
mesh was electrically isolated from the cathode can and located out-
side the discharge region 0.5 mm from the can. Third, a solid
stainless steel plate was installed parallel to and 8 mm from the mesh.
The mesh served as the "extraction anode, '' while the plate served
as the "acceleration anode.' There was no control grid in this simple
structure. In the rectangular high voltage gun the acceleration anode
will be replaced by a control grid at the same lc:ation and the high
voltage anode will be located some distance away as dictated by vacuum
breakdown requirements. Pictures of the various extractor elements
for the present circular geometry are shown in Fig. 22.

For these nreliminary experiments it was decided to use
simple resistor-capacitor decay networks wherever possible rather
than building hard-tube pulsers. The quantitative behavior of the
extraction system could be studied reasonably well in this way with
much iess cost, with much greater flexibility, and in much less time

than if separate pulsers were built.
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Fig. 21. Cylindrical electron extractor.
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Fig. 22. Elements of cylindrical extractor assemply.
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CICCLIVIl DCaills liaViliily CULICIIL ULSIISitiCo a0 1llpil 40 JU £/ Ll ddave
been extracted from the hollow cathode plasma electron source and
accelerated to energies of 5 kV. Some of the results are given in
Table I. No indication of any fundamental limit to beam current den-
SN el e . .

sity, energy, or pulse duration was found in any of these experiments.
At higher beam voltages a standoff insulator in the accelerator
assembly broke down consistently; this low voltage device was

designed for only 1 kV acceleration voltage.

TABLE I

Preliminary Electron Extraction Results

Pulse Length | Current Density*
1 usec 50 A/cm2

10 psec 10 A/cm2

75 usec 1.5 A/cm2
1 msec 150 mA/cm2
(190 upsec) (100 mA/cm2)

( ) work statement requirement.
*circuit limited.

T760

A graph showing the general behavior of beam current density
as a function of accelerator voltage is given in Fig. 23. The planar
diode space-charge-limited current is also indicated as a function of
voltage. The voltage of Fig. 23 is the voltage applied between the
extractor and accelerator electrodes. The fact that the observed

current density is greater than the space-charge limit for small
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acceleration voltages can be explained by a leakage of the plasma into
the space betwesn the extraction anode and the acceleration anode

A sheath is formed between these two electrodes and serves as a
nyirtual electrode' closer to the acceleration anode than the extractor-
accelerator separation used in calculating the space-charge limited
flow condition. The actual space-charge limited current from the
sheath is thus greater than the calculated value. This effect occurs in
region A of Fig. 23; the condition is depicted schematically in the
lower left of the figure. Eventually, however, as the accelerator
voltage is increased, a saturation of extracted current is reached
which corresponds to the limiting current that can be supplied by the
plasma. If the accelerator voltage is increased further, the sheath
begins to recede from the acceleration anode until it reaches the

mesh of the extraction anode. After this point is reached, additional
increase in the accelerator voltage has no effect on the sheath or on
the plasma conditions inside the hollow cathode source. These condi-
tions are shown in region B of Fig. 23. The high voltage plasma
cathode gun will operate in this region.

The plasma conditions inside the hollow cathode are not
substantially influenced by the accelerator voltage under any condi-
tions. They are determined essentially by the voltage differential
between the hollow cathode and the mesh extraction anode, which
effectively shields the cathode region from the field of the acceleration
anode. As an indication of how well the cathode is shielded, the
structure may be analyzed as a planar triode with the extraction anode
as the triode grid. Tke resulting amplification factor p is approxi-
mately 1000, indicating that the effect on the cathode current of the
ngrid" (extraction anode) voltage is 1000 times greater than the effect
of the accelerator voltage. Experimentally, no change in cathode
current is observed when the accelerator voltage is changed from
0 to 5 kV, its present upper limit determined by insulator breakdown.

With no voltage applied to the accelerator, all of the cathode current
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goes to the extraction anode. As the accelerator voltage is increased
from zero the cathode current divides, part (the extracted beam cur-
rent) going to tiie acceleration anode and part to the extraction anode.
The total cathode current remains unchanged, however, At higher
acceleration voltages the extracted beam current continues to
increase and finally saturates at a value approximately equal to the
hollow cathode current. At this point the current to the extraction
anode is very small.

These two features of operation of the present device strongly
suggest that at high accelerator voltages there is no discharge in
the accelerator region. First, the saturation of extracted current as
the voltage between the extractor and accelerator is inconsistent with
the existence of a discharge in this region. Second, the complete
independence of the plasma conditions in the source from the acceler-
ator voltage would not be expected if a discharge to the accelerator
were occurring. Both these features are suggestive that ionization in
the acceleration region is minimal and that the extracted electron
beam reaches the acceleration anode with full beam energy equal to

the voltage applied to the accelerator.
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Iv. PASCHEN BREAKDOWN

A, Effect of High Voltage Beam on Breakdown Characteristics

As discussed in Section I, Paschen breakdown is simply the
usual form of electrical breakdown associated with gas discharge
devices. It begins as an ionization avalanche process in which an
electron in the gap between the electrodes is accelerated by the
applied field, making ionizing collisions with neutral gas atoms. The
resulting secondary electrons are also accelerated and ionize addi-
tional atoms, creating the avalanche process.

If the electrodes are irregularly shaped and the resulting
spacing between them is variable, Paschen breakdown can occur
either between the most widely separated points on the electrodes or
between the most closely spaced points, depending on the experimental
conditions. In helium, for example, with electrode spacings greater
than 1 cm and gas pressures greater than a few Torr, breakdown
occurs at moderate voltages between the most closely spaced points
on the electrodes. At much lower pressures breakdown occurs
between the most widely separated points. The physical reason for
this behavior is that at moderate gas pressures the mean free path
for ionization is much shorter than the electrode gap. Thus for mod-
erate voltages the ionization probability is highest where the applied
field is largest, i.e., where the electrode gap is smallest, and this
is where breakdown occurs. At very low pressures, however, the
mean free path for ionization becomes longer than the closest elec-
trode spacing. No ionization can then occur in this region, and the
breakdown occurs at the point of widest separation of the electrodes.

Paschen breakdown behavior may be well represented by a
Paschen curve shown schematically in Fig. 24. The abscissa is the
product of (pressure) x (electrode spacing) pd in cm-Torr. The
ordinate shows the breakdown voltage as a function of the pd product.
In region Il to the right of the Paschen minimum, for a given gas

pressure and electrode configuration, as the applied voltage is
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Fig. 24.

PRESSURE x ELECTRODE SPACING

Qualitative behavior of Paschen breakdown voltage

as a function of pressure x electrode spacing.
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increased breakdown occurs between the closest points of the
electrode system (minimum pd). In region I, however, to the left of
the Paschen minimum as the applied voltage is increased breakdown
occurs between the m.ost widely separated electrode points (maximum
pd). A typical discharge tube electrode system represents a -ange
of pd values determined by the operating pressure and the minimum
and maximum electrode separations of the system. This range of
values determines whether the system is operating in region I or
region II of Fig. 24.

The region to the right of the Paschen minimum in Fig. 24,
region II, is of no interest for the plasma cathode electron gun,
because in this region as soon as electrons gain energy equal to the
energy of peak ionization efficiency, breakdown occurs and iio addi-
tional increase in electron energy occurs. Operation to the left of
the Paschen minimum, in region I of Fig. 24, however, allows the
acceleration of electrons to very high energies without breakdown.
The physical reason for this ability to accelerate high-energy elec-
trons without breakdown is that the clectrode separation, which detera-
mines the length of the acceleration path, is so short compared with
the ionization mean free path that ionizations by electron impact are
improbable and the avalanche process described earlier cannot
develop.

Considerable data on Paschen breakdown in helium to the
left of the Paschen minimum exist in the scientific literature. Some
of these data are shown in Fig. 2. In all cases, the data were
obtained by applying a uniform field to a gas between parallel plate
electrodes and recording the breakdown voltage. These results are
not adequate for the present application, however, because (1) the
observed discrepancies in the data are rather large, and (2) the
observed breakdown characteristics give no experimental information
on the possible effect of a high rnergy electron beam on breakdown.
Although the theory of Paschen breakdown indicates that a high energy
electron beam should not affect breakdown, the importance of this

question motivated an experimental investigation.
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Since the operation of the plasma cathode electron gun relies
on the ability to accelerate the electrons through a low pressure gas
without Paschen breakdown, it was decided to investigate the Paschen
breakdown characteristics of helium in the presence of an electron
beam. The test apparatus was designed to resemble the acceleration
section of the high voltage plasma cathode e-gun so that the results
would be most directly applicable to the design of this device. In
addition, by turning off the electron beam the device could be used to
obtain additional values for the data of Fig. 2.

A sketch of the assembled experimental device is shown in
Fig. 25. The test vehicle consists of two parallel circular stainless
stcel electrodes enclosed in a ceramic vacuum envelope. A 1 mm
diameter hole is located in the center of the negative electrode, and
directly behind the hole, also in vacuum, is a simple tantalum strip
thermionic cathode. The unit should withstand a maximum applied
voltage of several hundred kV, but it will be tested only to 150 kV
during this program. The device has just been assembled on a
vacuum pumpout and gas filling station. Data will be obtained at the

beginning of the next reporting period.
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Fig. 25. Assembly for study or
Paschen breakdown in
the presence of E-beam.
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V. DESIGN OF HIGH VOLTAGE PLASMA CATHODE ELECTRON
GUN

A, Basic Design Parameters

With experience gained from the low voltage circular plasma
cathode electron gun described in Sections II and III, a large scale,
high voltage rectangular gun has been designed, and fabrication of

B Bt apegs

various subassemblies 18 NOWSIT propresereThadollgwingpagapeters

of this gun are specified in the work statement of this contract:

Minimum beam dimensions 1 ecm x 10 cm

Minimum current density 100 mA/cmZ

Minimum beam voltage 150 kV
Minimum pulse duration 100 psec

The low voltage electron extraction experiments indicate that the
beam current density and pulse duration probably can be extended
well beyond these minimum values. The beam dimensions also have
been set somewhat higher than the minimum at 1 cm x 13 cm at the
exit plane from the plasma source.

The remaining beam parameter, the voltage, is critically
determined by the spacing of the high voltage accelerator rlectrodes
and by the delicate balance between vacuum breakdown and Paschen
breakdown. If we take from Fig. 2 the data for Paschen breakdown,
and if we conservatively estimate that the rectangular plasma source
for this gun will operate well at a helium pressure of 50 mTorr,
based on our experience with the smaller cylindrical plasma source,
we can plot the Paschen breakdown voltage as a function of the accel-
erator electrode spacing, as in Fig. 26. In addition, experience in
this laboratory and others has shown that a conservative limit for
vacuum breakdown is an applied field on the order of 70 kV/cm
between flat polished stainless steel electrodes. We can therefore
indicate on Fig. 26 the voltage for vacuum breakdown as a function

of electrode separation.
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Fig. 26. Operating point of high-voltage rec-
tangular gun in relation to vacuum
and Paschen breaxkdown.
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Thus the two breakdown limits are clearly seen in the figure,
and the theoretical maximum operating voltage at a pressure of
50 mTorr is =290 kV, which would be achieved with a design elec-
trode spacing of 4.2 cm. It should be noted, however, that the curve
of Fig. 26 indicating Paschen breakdown may shift to the left or right
as firmer data become available from our own experiments. In
addition, the Paschen breakdown curve will shift to the left or right
as the operating helium pressure of the tube is raised or lowered.
The vacuum breakdown curve, however, is well known and rather
firmly fixed at 70 kV/cm. Because of the relative uncertainties in
the Paschen data it was decided to fix the operating point of the tube
as far as possible from the Paschen limit, which puts the poirt very
close to the vacuum breakdown limit. An electrode spacing of 2.5 c¢cm
has been chosen for the initial tests. This definitely limits the maxi-
mum operating voltage of the gun to 175 kV. If tests show that the
Paschen breakdown limit is far to the right of that shown in the figure
the electrode separation can easily be increased to provide a higher

safely margin against vacuum breakdown.

B. Desijn of Rectawlar Gun

A drawing of the full size rectangular gun is shown in Fig. 27.
It will be enclosed by a cylindrical ceramic vacuum envelope, shown
in Fig. 28, which will also serve as the high voltage insulator. Elec-
tron extraction into the acceleration region will be through a rectangu-
lar mesh as shown. The mesh shown, which is located flush with the
negative electrode, is actually a control grid, which will allow regu-
lation of the beam independent of the plasma electron source or
accelerator voltage. The plasma electron source will be essentially
a rectangular version of the circular source used successfully in the
low voltage experiments. A cross-sectional view of the device is
shown in Fig. 29. Parts for this gun are presently being fabricated.
Assembly is scheduled to begin shortly, and operation and evaluation

of the device will take place in the next reporting period.
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Fig. 27. Artist's drawing of high
voltage plasma cathode
electren gun without
coirona shielding.
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Fig. 28. Ceramic vacuum envelope and insu-

lator for high-voltage rectangular
gun.
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Fig. 29.
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Cross-sectional schematic of high-voltage rec-
tangular gun.
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VI. CONCLUSIONS AND FUTURE PLANS

The work of the first half-year of this program has experimentally
established the validity of the plasma cathode concept. It is expected
that an electron beam meeting all of the goals outlined in Section I-A
will be produced during the current program. A plasma source oper-
ating at low gas pressures has been developed and tested successfully,
A method of electron beam extraction from the plasma and subsequent
acceleration has been devised and tested. Beam current densities as
high as 50 A/cm? have been produced. This value is well in excess
of the program goal of 100 mA/cmZ. At lower current densities
(150 mA/cmZ) pulse durations of 1 msec have been observed. This
pulse length also comfortably exceeds the program goal, which is
100 psec.

The results obtained to date have been encouraging. Effort
during the remaining two months of the current program will be concen-
trated on meeting the remaining program goals for beam dimensions and
energy. The following specific tasks will be undertaken.

1, Investigation of new plasma ignition methods designed
to make the plasma cathode simpler and more reliable.

2. Measurement of Paschen breakdown characteristics in
the presence of a high energy electron beam. The re-
sults of this measurement will provide additional informa-
tion for the design of the accelerator section of the high
voltage device, The present accelerator design is based
on Paschen breakdown data without an electron beam,
and if the results of the measurement confirm theoreti-
cal expectations, no design change will be necessary,

3. Continuation of fabrication of high voltage rectangular
device. This device, which will produce an electron
beam meeting all the program goals, will be tested and
optirnized as the final task of the current program,
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